1. Introduction {#s0005}
===============

Very preterm birth (\<32 weeks gestational age) can disrupt sensitive processes of fibre organization and myelination ([@bb0105]). Additional factors experienced by children born very preterm such as illness, brain injury, and ex-utero environments can impact white matter maturation and its supportive role in cognition ([@bb0055]). Children born very preterm are at greater risk for neurodevelopmental impairments in cognitive abilities, behaviour, and social/emotional functioning but underlying contributions from white matter microstructure are not well understood ([@bb0125]; [@bb0200]). Therefore, understanding the characteristics of fibre organization and myelination of white matter in children born very preterm is necessary for elucidating developmental disturbances in these children.

Diffusion tensor imaging (DTI) and its indices of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) are commonly studied to evaluate white matter structures. While providing insight into the microstructural properties of white matter, DTI metrics are also sensitive in detecting group differences and age-related changes. However, they lack specificity in terms of what particular properties may be contributing to group differences. Changes and reductions in FA across development can be driven by multiple contributing factors such as myelination, organization of axons, membrane permeability, axon density, partial volume effects, axon size and the number of axons ([@bb0095]). Diffusion imaging with multiple b-values, including higher b-values and number of gradient directions, provides an opportunity to measure more specific information regarding the microstructure of white matter that can overcome some of the ambiguities of DTI metrics. One such method is the biophysical model, neurite orientation dispersion and density imaging (NODDI) ([@bb0215]), which quantifies structural properties of axons and dendrites (neurites) that FA is unable to infer. The NODDI model differentiates three tissue types: intra-cellular, extra-cellular, and CSF compartments ([@bb0215]). Two primary indices, orientation dispersion (ODI), and neurite density index (NDI), are estimated with this method. ODI represents the angular variation of neurite orientations, reflecting the bending and fanning of axons and areas of crossing fibres ([@bb0215]). NDI represents the intra-cellular volume fraction, estimating the density of axons within a voxel ([@bb0215]).

Only a few studies have used multi-shell diffusion imaging with DTI and NODDI metrics to identify early brain maturation and its variability across different tissues. Before term-equivalent age, brain development is dominated by increases in FA and NDI, particularly in white matter connections between deep grey matter and central cortical regions ([@bb0010]). Following very preterm birth until term-equivalent age, age-related changes of ODI and NDI in grey matter were identified ([@bb0065]). During this time, the cortex and thalamus demonstrated lower and higher FA values, respectively, yet with different contributions of ODI and NDI. Higher FA values within the thalamus were contributed by higher values of NDI, reflecting active myelinating processes ([@bb0065]). Higher FA values within the cortex were contributed by lower ODI values, reflecting microstructural complexity although the NODDI metrics do not completely explain the changes occurring within these tissues ([@bb0065]; [@bb0130]). At term-equivalent and one month of age, ODI and NDI were also shown to vary across white matter regions concordant with different microstructural properties, different developmental timing of white matter regions, and regional asymmetries ([@bb0050]; [@bb0115]). For instance, the corpus callosum and internal capsules exhibited the lowest axonal ODI, reflecting their highly-organized axons, early developmental trajectory and high FA relative to other tracts ([@bb0050]; [@bb0115]; [@bb0205]). In contrast, tracts that were more peripheral in the brain had higher ODI values, reflecting less mature white matter and potentially greater branching of axons in those areas ([@bb0050]).

Developmental changes in diffusion tensor and NODDI measures are not uniform across brain regions. Cross-sectional studies from childhood to adolescence indicate that NDI demonstrates stronger age-related changes compared to FA and diffusivity (MD, AD, RD) in both white matter and subcortical grey matter ([@bb0070]; [@bb0120]). These studies suggest that axonal packing is strongly associated with early brain development. Concurrently, FA was found to be more highly correlated to ODI, despite ODI having weak associations with age in childhood to early adolescence ([@bb0120]). Rapid increases in NDI occur primarily in childhood, but then slow down throughout adulthood ([@bb0040]). This developmental trajectory differs from ODI, which increases more slowly in childhood and then more rapidly in adulthood ([@bb0040]).

A recent study by [@bb0100] identified white matter differences using DTI and NODDI metrics in a large retrospective sample of children born very preterm at seven years of age. Lower FA values were identified in a small cluster within the right hemisphere overlapping the cingulum, inferior longitudinal fasciculus, inferior frontal-occipital fasciculus, uncinate fasciculus, anterior thalamic radiation, and external capsule. In contrast, extensive differences of axon orientation dispersion were identified in about one fifth of the total white matter examined, including areas where FA differences were found. Moreover, the authors identified associations between FA, ODI, and NDI with neurodevelopmental outcomes such as IQ, motor abilities, academics, and behavioural measures in the children born very preterm. FA and neurite density index were positively correlated with IQ, demonstrating one of the first studies to relate NODDI measures to cognitive abilities in childhood.

In this prospective study, we assessed the development of commonly investigated white matter tracts in six-year-old children born very preterm. Previously at four years of age, reduced FA within many white matter tracts were found in an overlapping sample compared to full-term matched controls ([@bb0210]). Associations between FA and IQ were also found at four years in the full-term children but not the children born very preterm ([@bb0210]). In the present study, our first objective was to identify whether these FA differences were sustained two years later using multi-shell diffusion imaging. Our second objective was to calculate NODDI measures of ODI and NDI to delineate additional microstructural white matter differences and their potential contributions to FA differences found between very preterm and full-term children. In addition, relations between DTI and NODDI measures with developmental outcomes were examined in each group. In the children born very preterm, we also investigated relations between the DTI and NODDI measures with prematurity and early brain injury such as white matter injury and germinal matrix/intraventricular haemorrhage. We hypothesized that the measures of ODI and NDI would also be sensitive to differences that were expected to be found with FA. For instance, we expected that the children born very preterm would have higher ODI and lower NDI within white matter regions compared to full-term children as well as in relation to early brain injury. Furthermore, we also expected that higher ODI and lower NDI would be associated with lower scores of IQ and visual-motor ability.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Seventy-three children were recruited for this study. Of those, thirty-nine children were born very preterm (\<32 weeks GA) and recruited at as a part of an ongoing larger longitudinal study, conducted between 2009 and 2017 at the Hospital for Sick Children in Toronto, Canada. Exclusion criteria for the children born very preterm included those with any known chromosomal or major congenital abnormalities. Thirty-four full-term children (\>37 weeks GA) were also recruited. Exclusion criteria for full-term children included prematurity, learning, language, neurological or developmental disabilities, non-English speakers, as well as magnetic resonance imaging (MRI) incompatibility based on a screening interview. An informed consent to the study was signed by parents and informed assent was provided by the children. The research ethics board at the Hospital for Sick Children approved the study protocol.

2.2. Perinatal clinical and radiological measures {#s0020}
-------------------------------------------------

Perinatal clinical information was obtained for the children born very preterm during their stay in the neonatal intensive care unit. Information such as demographics, significant events during pregnancy, and medical interventions are summarized in [Table 1](#t0005){ref-type="table"}. Paediatric neuroradiologists and neurologists assessed each of the structural T1- and T2- weighted images for the children born very preterm shortly following birth. The presence of white matter injury and germinal matrix/intraventricular haemorrhage (GMH/IVH) was identified. White matter injury was identified as mild to moderate (T1 signal abnormalities in three or fewer areas), and severe (T1 signal abnormalities in \>5% of hemisphere) levels of injury ([@bb0135]). The grade of GMH/IVH was determined according to the classification by Papile and Volpe for cranial ultrasonography findings adapted to MRI ([@bb0155]; [@bb0190]). At six years of age, paediatric neuroradiologists also assessed each of the children\'s structural T1-, T2-weighted and FLAIR images. Any incidental findings were noted.Table 1Clinical and radiological characteristics at VPT birth.Table 1CharacteristicMean (SD) or number (%)Gestational Age (weeks)28.8 (1.4)Males16 (69.6)Birth Weight (g)1161.6 (233.4)Head circumference (cm)25.5 (1.9)Intrauterine growth restriction3 (13.0)Caesarean-section delivery17 (73.9)Multiple births5 (21.7)Apgar score at 5 min7.3 (1.7)CRIB II7.1 (2.3)Endotracheal tube days11.5 (15.5)Oxygen administration days15.2 (22)Positive pressure ventilation13.4 (10.8)Patent ductus arteriosus (treated)6 (26.1)Sepsis (cultures positive)9 (39.1)Premature Rupture of Membranes2 (8.7)Necrotizing entercolitis (stage 2 & 3)3 (13.0)Bronchopulmonary dysplasia4 (17.4)GMH (Grade 1--2)4 (17.4)GMH (Grade 3--4)5 (21.7)White Matter lesions8 (34.8)[^1]

2.3. Developmental assessments and maternal education {#s0025}
-----------------------------------------------------

Developmental assessments were completed for the children born very preterm who returned for follow-up as well as the recruited full-term children. For each assessment, raw scores were converted into standardized scores with a population mean of 100 (50th percentile of typical development) and a standard deviation of 15. Intelligence quotients (IQ) were determined by the 2-subtest Wechsler Abbreviated Scale of Intelligence (WASI; [@bb0195]) using Canadian norms, which included the vocabulary and matrix reasoning subtests to estimate general intellectual ability. Visual-motor integration (VMI) and supplemental tests of visual perception (VP) and motor coordination (MC) were assessed by the Beery-Buktenica Test of Visual Motor Integration ([@bb0015]). Measures of VP and MC were not obtained for one full-term child.

Levels of maternal education were obtained for all the children. Percentages of mothers with high school or college education, university education and post-graduate education are reported.

2.4. MRI data acquisition {#s0030}
-------------------------

MRI scans were acquired with a 3T Siemens Trio scanner and 12 channel head coil. Three separate diffusion datasets were acquired along 60 directions (SE-EPI, b-values = 700/1000/2850 s/mm^2^; repetition time: 10700/8800/10700 ms; echo time: 115/87/115 ms; field of view: 244 × 244 × 140mm; resolution: 2 mm isotropic; total scan time: 40.9 min) were obtained with 26 interleaved b = 0 s/mm^2^ volumes. Anatomical T1-weighted (MPRAGE) images (repetition/echo time: 2300/2.96 ms; field of view: 192 × 240 × 256 mm; resolution: 1 mm isotropic; scan time: 5 min) were obtained. All of the scans were collected when the children were awake and watching a movie. Images were inspected for gross motion artefacts and anatomical abnormalities. We obtained 32 T1-weighted images and diffusion data in the children born very preterm, and 24 of the children had complete multi-shell scans. One child born very preterm had ventriculomegaly and was excluded from analyses. A total of 30 T1-weighted and diffusion data were obtained in the full-term children, and 24 of the children had complete multi-shell diffusion scans.

2.5. Diffusion processing {#s0035}
-------------------------

FSL tools ([@bb0090]) and custom scripts were used to correct for eddy current distortions and head motion. The mean for each b-value (0, 700, 1000, 2850 s/mm^2^) was calculated, and transformations between the mean b = 0 image and each mean b-value were obtained using FSL\'s FLIRT ([@bb0085]). Each individual volume was first registered to its corresponding mean image, and then to the mean b = 0 image by applying the previous transformation, while adjusting corresponding b-vectors. Following visual inspection, all volumes for each child were included due the large number of volumes acquired and the small number of motion corrupted volumes across subjects. The average percentage of motion corrupted volumes in the b = 1000 s/mm^2^ shell was 2.08% (range: 0--15%). The average percentage of motion corrupted volumes in all shell together was 5.29% (range:0--28.3%).

DTI metrics (FA, AD, MD, RD) were calculated and extracted from the output of the RESTORE algorithm using the b = 1000 s/mm^2^ shell ([@bb0035]). NODDI measures of orientation dispersion index (ODI) and neurite density index (NDI) were estimated using all three b-values with the NODDI Matlab toolbox version 1.0 ([@bb0215]). To account for the differences in TR and TE across the three shells, the volumes in each shell were normalized with their respective mean b = 0 image, as per the developer\'s recommendation ([@bb0045]).

2.6. Tract-based spatial statistics (TBSS) {#s0040}
------------------------------------------

Analyses of the DTI (FA, AD, MD, RD) and NODDI metrics (ODI, NDI) were conducted using FSL\'s TBSS method ([@bb0170]). Nonlinear co-registration of all the children\'s fractional anisotropy (FA) images was performed between every child. One image that was the most representative of the group was used as the target image and then registered to MNI151 standard space. Therefore, each FA image underwent a combined nonlinear registration and linear registration to the target image. A mean of all the FA images and a skeleton representing the centre of major white matter tracts within the brain was generated and thresholded at 0.2. All of the same registrations were applied to each child\'s MD, AD, RD, ODI, and NDI data. Lastly, the diffusion data were projected onto the skeleton.

3. Statistical analysis {#s0045}
=======================

3.1. Participant characteristics {#s0050}
--------------------------------

Between the children born very preterm and full-term children, sample differences of male and female sex ratios as well as age at scan were tested using a chi-square and two-tailed *t*-test. Group differences in developmental test scores were also tested using two-tailed *t*-tests. To compare the three maternal education levels (high school or college education, university education, and post-graduate education) between groups, a non-parametric Mann-Whitney *U* Test was employed. Moreover, the relation between the three levels of maternal education and developmental test scores were examined using a one-way ANOVA tests for each group separately. The significance threshold was set to p ≤ .05.

3.2. TBSS analyses {#s0055}
------------------

Between and within-group voxel-wise analyses were performed with FSL Randomise ([@bb0005]) using 5000 permutations and threshold-free cluster enhancement ([@bb0165]). Significance was defined as p \< .05 following corrections for multiple comparisons. Between group analyses were conducted using a general linear model with group, age at scan and sex as explanatory variables. Interaction analyses were also performed between groups with outcome measures (IQ and VMI). This was performed for all DTI metrics (FA, AD, MD and RD) as well as the NODDI metrics (ODI and NDI). Within the preterm group, additional voxel-wise regression analyses were performed between all of the DTI and NODDI metrics with GA, presence of white matter injury, presence of GMH/IVH, and developmental measures (IQ and VMI). Within the full-term group, voxel-wise regression analyses were performed between all of the DTI and NODDI metrics and developmental measures (IQ and VMI). All significant voxels of the white matter skeleton were thickened to help visualize the results.

To plot and visualize the data extracted from significant within-group TBSS analyses by white matter regions, the JHU DTI-based labelled atlas ([@bb0140]) was registered to MNI space and applied to the thresholded FA skeleton for significant TBSS analyses of interest. The thresholded FA skeleton was applied to both the children born very preterm and full-term. Average DTI and NODDI values were estimated within each white matter region. Scatter plots depict the associations of the DTI and NODDI values and neurodevelopmental outcome measures.

4. Results {#s0060}
==========

4.1. Participant characteristics {#s0065}
--------------------------------

Twenty-three children born very preterm (16 males, 7 females; mean scan age: 6.57 ± 0.34 years; mean gestational age: 28.8 ± 1.4 weeks) were included with useable multi-shell diffusion data and developmental assessments. Perinatal clinical and radiological characteristics for the children born very preterm are provided in [Table 1](#t0005){ref-type="table"}. Eight (34.8%) children born very preterm had incidences of white matter lesions (six mild/moderate injury and two severe injury) and nine (39.1%) had incidences of GMH/IVH of any severity on structural scans following birth. Twenty-four full-term children (10 males, 14 females; mean age: 6.62 ± 0.37 years) had useable multi-shell diffusion data and developmental assessments. No sex differences were found between the group samples (X^2^(1) = 3.69, p = .054). There was also no difference in age at scan between groups (p = .697).

The education levels of the mothers of the children born very preterm were 26.1% high school or college, 60.7% university, and 13% post-graduate. The education levels of the mothers of the full-term children were 21.7% high school or college, 56.5% university, and 21.7% post- graduate. There were no differences in education levels between groups (p = .645).

Performance on the neurodevelopmental tests was consistently lower for the children born very preterm than for the full-term children as shown in [Table 2](#t0010){ref-type="table"} and Supplemental Table 1. Compared to the general population, the mean of each measure (IQ, VMI, VP and MC) by group was in the average range apart from MC in the very preterm group, which was in the low average range. In the full-term group, developmental measures were not associated with maternal education levels (all p \> .05). In the very preterm group, IQ, VMI and VP were not associated with maternal education levels (all p \> .05); measures of MC were significantly different between maternal education levels in the children born very preterm (p = .017). The children born very preterm with mothers who had post-graduate training had significantly higher MC abilities than both those who had university training (p = .017) and high-school or college level training (p = .0277).Table 2Neurodevelopmental Measures and ANOVA Results.Table 2IQVMIVPMCVPT103.04 (11.75)96 (8.5)87.17 (13.58)99.23 (16.77)Full-term112.36 (13.43)102.13 (9.31)95.08 (10.70)107.17 (13.5)df45454444T-statistic−2.53−2.349−1.917−2.158p-value0.0150.0230.0360.062

4.2. TBSS between-group analyses {#s0070}
--------------------------------

Group differences were present between the children born very preterm and full-term children in FA, MD, RD and ODI metrics at p \< .05 following multiple comparisons. Full-term children displayed significantly higher FA values than the children born very preterm within many white matter subregions across the white matter skeleton as shown in [Fig. 1](#f0005){ref-type="fig"}A. Regions of significance included the corpus callosum, anterior and posterior limb of the internal capsule, corona radiata (anterior, posterior, and superior), external capsule, posterior thalamic radiation, and cingulum among others. Supplemental Table 2 provides the subregions corresponding to the JHU white matter atlas where group differences were found as well as the number of significant voxels per region. Between-group differences were also found where the children born very preterm had significantly higher MD and RD values than the full-term children (Supplemental Table 2 and Supplemental Fig. 2). The children born very preterm had significantly higher ODI than the full-term children ([Fig. 1](#f0005){ref-type="fig"}B) in regions including the corpus callosum (genu, body, and splenium), corona radiata (anterior, superior, and posterior) and left anterior limb of the internal capsule and external capsule.Fig. 1FA and ODI between group results. A. TBSS analyses of group differences revealed reduced FA in the children born very preterm compared to the full-term children along the white matter skeleton (p \< .05). Significant voxels are depicted in blue. Colour bars indicate p-values. B. Voxels with significantly higher neurite orientation dispersion in the children born very preterm are indicated in blue along the white matter skeleton.Fig. 1

In addition, significant effects of age at scan were associated with MD, RD and NDI. Increasing MD and RD were associated with decreasing scan age and increasing NDI had a strong, widespread association with increasing scan age (all p ≤ .05). The interaction analyses between the DTI and NODDI metrics and neurodevelopmental outcome measures (IQ and VMI) also revealed significant results. The slope of the association between FA and IQ was significantly greater in the children born very preterm than the full-term children (p ≤ .05; Supplemental Fig. 3). The slope of the associations between AD, MD, and RD with IQ was significantly greater in the full-term children than the children born very preterm (p ≤ .05). Furthermore, the slope of the associations between FA, AD, MD, RD, NDI, and ODI with VMI was significantly greater in the full-term children than the children born very preterm (p ≤ .05).

4.3. TBSS within-group analyses in VPT group {#s0075}
--------------------------------------------

In the children born very preterm, there were many areas of white matter with significant associations between DTI metrics and IQ. Similarly, there were many areas of white matter with significant associations between NODDI metrics and IQ. Significant associations were present between higher FA and NDI with higher scores of IQ (see [Fig. 2](#f0010){ref-type="fig"}A--B). In addition, significant associations were found between higher AD, MD, and RD with lower scores of IQ (p \< .05) (Supplemental Table 2). Moreover, significant associations were found between higher AD, MD, and RD with lower scores of VMI as well as higher NDI and higher scores of VMI (all p ≤ .05) (Supplemental Table 2 and Fig. 4). No associations were found between DTI and NODDI metrics with gestational age.Fig. 2Within-group results with outcomes. A. Within-group TBSS analyses of the children born very preterm demonstrated significant associations between increasing FA and higher scores of IQ as indicated by the white matter regions highlighted in red and yellow along the white matter skeleton (p ≤ .05). Colour bars indicate p-values. The scatter plots below the TBSS results indicate data extracted from regions where there were significant findings from the within-group TBSS analyses of the children born very preterm; data from the full-term children are shown in blue and preterms are shown in red. B. Significant associations were found between increasing NDI and higher scores of IQ in the children born very preterm (p ≤ .05). C. Significant associations were found between decreasing ODI and lower scores IQ in the full-term children (p ≤ .05).Fig. 2

4.4. TBSS within group analyses in FT group {#s0080}
-------------------------------------------

In the full-term children, many areas of white matter also showed associations between NODDI metrics and IQ. Higher NDI and ODI were associated with lower scores of IQ (p \< .05) as shown in [Fig. 2](#f0010){ref-type="fig"}B and C. Subregions with significant voxels in the full-term group included the corpus callosum, corona radiata (anterior, superior, and posterior), posterior thalamic radiation, superior longitudinal fasciculus, and the anterior and posterior limb of the internal capsule. Supplemental Table 3 provides a full list of the subregions.

4.5. TBSS within group analyses with early brain injury {#s0085}
-------------------------------------------------------

With respect to early brain injury, children born very preterm who had white matter injury identified following birth displayed lower ODI within the right superior corona radiata (p ≤ .05) (see [Fig. 3](#f0015){ref-type="fig"}). No associations were found between the DTI and NODDI metrics and GMH/IVH.Fig. 3Results with early brain injury. TBSS analyses revealed lower neurite orientation dispersion with early white matter injury in the children born very preterm within the right superior corona radiata (p ≤ .05). The boxplot depicts the distribution of data between those with and without early white matter injury.Fig. 3

5. Discussion {#s0090}
=============

In children born very preterm, development of white matter differs from full-term children on a microstructural level. Examining these differences using NODDI opens a new perspective into the microstructural components that comprise white matter by quantifying two additional metrics from the traditional diffusion tensor model: ODI and NDI. We identified widespread reductions of FA as well as increases in MD, RD, and ODI in children born very preterm compared to term-born children at six years of age. In the children born very preterm, DTI and NODDI metrics were also associated with intellectual ability, visuomotor skills and early white matter injury identified within the perinatal period. In the full-term children, additional associations between NODDI metrics and intellectual abilities were found. These alterations in microstructural properties of white matter that are present in childhood may help explain the origins of developmental differences as well as adverse functional outcomes.

Developmental studies using multi-shell diffusion imaging in young children are sparse and challenging due to long acquisition times. The few existing studies that applied NODDI to developmental populations have shown utility in understanding early brain development ([@bb0175]). NDI has been shown to have a stronger relationship with age than diffusion tensor metrics (FA, AD, MD, RD), thereby an important contributor to increases of FA during childhood within white matter; however, ODI is more strongly correlated with FA irrespective of age ([@bb0040]; [@bb0070]; [@bb0175]; [@bb0215]). Our study is one of the first prospective studies in six-year-old children born very preterm applying NODDI to multi-shell diffusion data. We found widespread reductions of FA as well as higher RD and MD in the children born very preterm compared to full-term children at the beginning of school-age, which were consistent with previous findings in an overlapping cohort of children at four years of age as well as an independent cohort of seven to nine-year-old very preterm children ([@bb0060]; [@bb0210]). The reductions in FA suggest that there may be a sustained maturational lag of white matter development as well as possible differences in the structural architecture of white matter in the children born very preterm. Moreover, increases in RD may indicate delayed maturation specific to myelination ([@bb0095]).

Higher ODI was identified within several white matter regions in the children born very preterm. The regions identified included the corpus callosum (genu, body and splenium), corona radiata (anterior, superior, and posterior aspects), left external capsule, uncinate fasciculus, and anterior limb of the internal capsule. Most of the significant voxels were identified in the body of the corpus callosum and the left-sided corona radiata. The corpus callosum is a coherent fibre pathway, containing fibres that have consistent directionality along its macroscopic curvature ([@bb0020]). However, it also exhibits microscopic regional variations in orientation in its medial and lateral aspects ([@bb0020]). Low ODI in the corpus callosum has been found during the neonatal period in typically developing neonates, reflecting the very early organization of this fibre pathway ([@bb0050]). It is thought that the higher ODI, indicating greater bending and fanning of axons, in children born very preterm later in childhood may be a product of early disruptions to the organization of its characteristic densely packed parallel fibres prior to or during the neonatal period ([@bb0150]; [@bb0205]).

The corona radiata comprises projection fibres that extend towards the cortex from the internal capsule in subcortical regions. These fibres contain thalamic and motor projections involved in sensory and motor function ([@bb0030]). In late childhood and early adolescence, motor fibres within the internal capsule and cortical spinal tract have lower ODI values compared to other fibre regions, also reflecting early organization in concordance to that seen in the corpus callosum ([@bb0120]). Greater dispersion within the corona radiata in the children born very preterm highlights additional vulnerabilities of highly organized white matter structures. It is possible that differences in orientation dispersion are more pronounced in these structures as they are likely to be more coherent and less variable in their composition between individuals. Differences found in these areas support primary disruptions to thalamocortical fibres in early maturation, which are particularly vulnerable during the preterm period when axonal ingrowth via programmed migration paths outspread to designated regions of the cortical plate ([@bb0110]). These deviances can impact secondary organization and further influence susceptibility to adversity with age ([@bb0050]; [@bb0160]).

Our findings of higher ODI coupled with lower FA in regions such as the corpus callosum and corona radiata have also been identified in other studies of infants and children ([@bb0050]; [@bb0065]; [@bb0075]; [@bb0115]). As DTI metrics such as FA lack biological specificity, using NODDI metrics is advantageous over DTI metrics for specific interpretations of the organizational attributes of these structures. Axons within white matter tracts are understood to not always follow linear paths, which is better understood by NODDI measures such as ODI ([@bb0075]; [@bb0145]). Due to the redundancy between FA and ODI findings in the current study, it is reasonable to suggest that lower FA is partially contributed by axon dispersion. In the context of comparing children born very preterm to full-term children, the combination of higher ODI and lower FA is indicative of less organization within these regions and may characterize a potential developmental delay in white matter maturation during early childhood.

The effect of early brain injury was also explored within the group of children born very preterm. Lower ODI (in the absence of DTI findings) was found in relation to those who had white matter injury detected on MRI within two weeks of birth. This finding was specific to the superior corona radiata in the right hemisphere, consistent with the location of the majority of identified white matter lesions. A histological study of demyelinating white matter lesions from multiple sclerosis spinal cord pathology quantified NODDI metrics and found reduced variability in axonal orientations within the lesions, indicating reduced neurite complexity ([@bb0080]). As reduced orientation dispersion was indicative of pathology in the context of focal demyelination, early white matter injury in the children born very preterm may have a similar effect on the neural architecture of axons with respect to reducing the angular variation of the internal capsule and corona radiata pathways involved in sensorimotor processing. In addition, alterations of white matter microstructure identified early in development due to punctate white matter lesions may result in less complex white matter tracts later in childhood ([@bb0185]). Taken together, the potential impact of ODI differences on white matter maturation should be interpreted in the context of the analysis as well as the white matter regions involved.

In the children born very preterm, intelligence was associated with NDI rather than ODI at six years of age. More specifically, positive associations were present between FA and NDI with intelligence and visuomotor skills. In addition, negative associations between MD, AD, and RD were found with intelligence and visuomotor skills. These findings indicate that white matter microstructure can help provide contributing explanatory factors for which children are slower to develop with their cognitive skills. NDI estimates the density of axons as well as the caliber of myelinated axons ([@bb0025]). Thus, reduced NDI can be consistent with abnormal myelin as well as neuronal loss, with overlapping microstructural contributions to RD ([@bb0180]). Lower scores of intellectual abilities and visuomotor skills in the children born very preterm may be closely related to myelination.

In contrast, the full-term children exhibited differing relations with outcomes than the children born very preterm, demonstrating increasing NODDI metrics with lower scores of intellectual abilities. Higher NDI was unexpectedly associated with lower intellectual abilities, which may represent an effect of ongoing axonal pruning. It may also be possible that there is an optimal range of axonal density that benefits full-term children, reflected by relatively higher IQ. In addition, higher ODI was associated with lower scores of intellectual abilities in regions including the corpus callosum, internal capsules, external capsule, corona radiata and superior longitudinal fasciculus. Based on the strong association between ODI and IQ, full-term children may have increased sensitivity to microstructural deviances in axonal organization that involve highly organized white matter structures like the corpus callosum ([Fig. 2](#f0010){ref-type="fig"}C). Overall, the different associations with outcomes between the two groups may be due to different developmental processes contributing to cognitive abilities.

A recent study by [@bb0100] also investigated DTI and NODDI metrics using tract-based spatial statistics in a sample of seven-year-old children born very preterm. Parallel findings between our prospective study and their retrospective study are promising for enhancing our understanding of white matter microstructural differences between children born very preterm and full-term children at early school-age. Results of their study indicated small areas of reduced FA and large areas (about 25%) of higher ODI within white matter in the very preterm born group ([@bb0100]). While our results indicated more group differences with FA than ODI, neither study found group-level differences in NDI, suggesting that the angular variation of axons is an integral contributor to FA differences in this population. Similar to our study, they found that FA and NDI positively correlated with IQ in the very preterm group while they did not find significant correlations in the full-term group. These discrepancies are likely attributed to differences in sample characteristics such as age, sample size, and gestational age as well as differences in imaging protocols. Nonetheless, these structural insights help lay the foundation for understanding functional differences and should be complemented with functional imaging studies.

There are a few limitations to consider. The relatively small sample size was, in part, due to the 40-min acquisition time of the diffusion protocol with the available 3 T scanner. Lower functioning children were unable to complete the scan protocol and were thus under-represented in the current sample. New protocols with faster acquisition times will be integral to expanding the literature using NODDI methods with improved imaging protocols and technological advances such as multi-band/simultaneous multi slice imaging. In our protocol, one of the three collected diffusion datasets had a different TE and TR than the other two. As recommended, each shell was normalized by their b = 0 s/mm^2^ volume to attempt to minimize possible effects of differing acquisitions. Multi-shell datasets with matching acquisition parameters would be preferred. Another limitation was the loss to follow-up of the longitudinal cohort that has been followed since birth, due to loss of contact and attrition in participation. The original cohort was recruited during their stay in the neonatal intensive care unit six years prior to the current study.

Tract based spatial statistics also has its limitations. The FA skeleton only includes areas of highest FA within a tract to avoid voxels that contain partial volumes with other tissue such as grey matter and may not be representative of the entire white matter tract. In addition, the generation of the FA skeleton could be impacted by early white matter lesions. Another shortcoming of this method is its reliance on accurate registration between subjects. Multiple comparisons were taken into account using threshold-free cluster enhancement within analyses yet not across analyses, which should be taken into consideration when interpreting the results.

In conclusion, multi-shell diffusion imaging can assist in disentangling the microstructural properties in the white matter of children born very preterm. NODDI metrics of ODI and NDI have shown independent associations at the group level as well as with early brain injury and outcomes. In addition to DTI metrics, our findings support the use of NODDI metrics to provide more specific information of white matter microstructural differences that can improve detection and understanding of more slowly developing brain regions. In the children born very preterm, higher ODI in organized white matter regions such as the corpus callosum suggests disruption in white matter microstructure early in development. Associations between NDI and outcome measures in the very preterm children also suggest differing contributions of white matter microstructure to cognitive abilities compared to full-term children. Understanding the differences of white matter maturation at the microstructural level will increase our ability to identify biophysical elements of developmental processes that may be therapeutically targeted during the neonatal period in the future.
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[^1]: CRIB II - Clinical Risk index for Babies; GMH - Germinal Matrix Haemorrhage.
